[Abstract] Many proteins appear exclusively nuclear at steady-state but in fact shuttle continuously back and forth between the nucleus and the cytoplasm. For example, nuclear RNA-binding proteins (RBPs) often accompany mRNAs to the cytoplasm, where they can regulate subcellular localization, translation and/or decay of their cargos before shuttling back to the nucleus. Nucleocytoplasmic shuttling must be tightly regulated, as mislocalization of several RBPs with prion-like domains such as (Müller-McNicoll and Neugebauer, 2013) . SR proteins (SRSF1 to SRSF12) are a family of RBPs that regulate transcription, pre-mRNA splicing, 3'end processing and mRNP packaging in the nucleus and appear exclusively nuclear at steady state
www.bio-protocol.org/e2472 36. Sodium Chloride (NaCl), BioXtra (Sigma-Aldrich, catalog number: S7653) 37. Hydrochloric acid 36.5-38.0% (HCl), for molecular biology (Sigma-Aldrich, catalog number:
H1758)
38. DMEM containing 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin (see Recipes) 39. PBS containing 0.1% gelatin (see Recipes) 40. 10x TBS (see Recipes) 41. TBST (see Recipes) 42. 4% Formaldehyde in 1x PBS (see Recipes) 43. Hoechst 34580 stock solution (1 mg/ml) (see Recipes) 44. TBST containing 0.25 μg/ml Hoechst 34580 (see Recipes) 
Procedure
See Figure 1 for an overview of the quantitative heterokaryon shuttling assay. www.bio-protocol.org/e2472 2. Estimate the confluence (e.g., 50%, 75%, 100%) of both donor and recipient cells.
3. Aspirate medium and gently wash with 5 ml of pre-warmed sterile PBS. Aspirate the PBS thoroughly and add 1.5 ml of 0.05% Trypsin. Incubate for 3-5 min at RT or 37 °C (optimal conditions must be determined for each cell line).
4. Help the cells detach from the dishes by tilting the plate in every direction.
5. Add 3 ml of appropriate medium (e.g., DMEM) containing 10% FCS to inhibit trypsin activity. 9. Vortex the mixed cell suspension for 10 sec at medium speed.
10. Transfer 1 ml of the mixed cell suspension to a 2-ml tube containing 1 ml of medium (2-fold dilution). Vortex for 10 sec at medium speed. This and the subsequent dilutions should help to obtain the optimal density for cell fusion and imaging (see Procedure I).
11. Similarly, perform two more 2-fold serial dilutions (corresponding to 4-fold and 8-fold dilutions). If the coverslips were pre-coated (e.g., with PBS containing 0.1% gelatin), aspirate the coating solution from each well just before adding the mixed cell suspension.
D. Attachment of cells to coverslips (Timing: overnight [8-16 h])
Incubate at 37 °C, 5% CO2 for 8-16 h. 1. Aspirate medium and gently add 1 ml of medium containing 50 μg/ml cycloheximide (CHX).
Incubate for 2 h at 37 °C with 5% CO2.
2. Aspirate medium and gently add 1 ml of medium containing 100 μg/ml CHX. Incubate for 30 min at 37 °C with 5% CO2.
F. Cell fusion (Timing: 30 min) (see Note 8)
1. Aspirate medium and gently add 1 ml of pre-warmed PBS containing 100 μg/ml CHX.
2. Start the timer for 2 min and 10 sec. Then, one coverslip at a time, aspirate PBS/CHX and gently add 0.25 ml of pre-warmed PEG 1500. 4. Aspirate PBS and perform two more washes with 3 ml of PBS each.
5. Aspirate PBS and gently add 1 ml of medium containing 100 μg/ml CHX.
6. Optional: Briefly visually inspect the overall fusion efficiency under the microscope. Many cells containing several nuclei can be observed at this stage.
G. Shuttling (Timing: 3 h)
Incubate for 3 h at 37 °C with 5% CO2 (see Note 9).
H. Cell fixation and preparation of microscope slides (Timing: 1.5 h, overnight) 1. Aspirate medium containing 100 μg/ml CHX and add 1 ml of ice-cold PBS containing 100 μg/ml CHX.
2. Perform a second wash with 1 ml of ice-cold PBS containing 100 μg/ml CHX.
3. One coverslip at a time, aspirate PBS containing 100 μg/ml CHX and gently add 0.5 ml of ice-cold PBS containing 4% formaldehyde. Protect from light and incubate at RT for 20 min.
Caution: Formaldehyde is toxic and should be handled in a fume hood.
4. Wash twice each with 1 ml of PBS.
5. Remove PBS and add 0.5 ml of TBST containing 0.25 μg/ml Hoechst 34580. Protect from light and incubate at RT for 30 min.
Caution: Hoechst 34580 is potentially carcinogenic, so precautions should be taken for handling and disposal.
6. Remove TBST containing 0.25 μg/ml Hoechst 34580 and wash twice each with 1 ml of PBS. Leave the coverslips in the PBS from the second wash.
7. Using fine curved tweezers, retrieve each coverslip, remove as much PBS as possible by touching a napkin with the edge of the coverslip, and transfer (facing up) onto a sheet of paper.
Label each coverslip by writing on the sheet of paper next to it.
8. Protect from light and allow to dry completely (at least 15 min).
9. One coverslip at a time, add 13.5 μl of ProLong ® Diamond Antifade mounting reagent to a microscope slide, pick up the coverslip using tweezers and invert it onto the drop of mounting reagent.
Critical: Avoid pipetting air bubbles onto the slide. 26. For both the donor and recipient nuclei, multiply the background subtracted mean pixel intensity by the area to obtain the total pixel intensity.
27. Divide the total pixel intensity of the recipient nucleus by that of the donor nucleus and multiply by 100 to obtain the value of the Shuttling capacity (%).
Data analysis
1. To compare the shuttling of a protein in two different conditions or the shuttling of two different proteins, we recommend imaging a minimum of 15 heterokaryons per condition or protein from at least two independent experiments (e.g., 7-8 heterokaryons per coverslip from two independent experiments).
2. The mean shuttling activity of a protein in a given condition should be calculated from at least 15 heterokaryon images. 4. To readily identify true heterokaryons, our assay requires the use of a membrane marker that is expressed only in recipient cells. We have successfully used clonal recipient cell lines expressing CAAX-mCherry from a plasmid randomly integrated into their genomes (TH0477, Stewart et al., 2011; Botti et al., 2017) . CAAX is an isoprenylated peptide which is tethered to cell membranes (Wright and Philips, 2006) . However, other membrane markers might be equally suitable. Stable transgenic cell lines using plasmids can be generated in essentially the same way as when using BACs. See Note 1.
We apply Student's t-tests
5. Our assay is based on quantitative cell imaging, which requires a standardized imaging protocol with identical settings (laser power, gain, digital offset, etc.) for acquisition of all images. To achieve this, we strongly recommend the use of clonal lines for both donor and recipient cell lines, preferentially selected for endogenous expression level of the studied RBP.
Clonal cell lines can be obtained either by FACS sorting, which requires access to a specialized core facility or the help of a qualified technician, or without any specialized equipment or expertise using cloning discs. First, use an appropriate ratio of donor to recipient cells. In principle, a 1:1 ratio should be used (and is a good starting point) to increase the probability that heterokaryons contain one donor and one recipient nucleus. However, different cell types adhere more or less tightly to glass coverslips, and given that several medium changes/washes must be carried out prior to cell fusion, this ratio might have to be optimized according to the combination of cells used. In www.bio-protocol.org/e2472 crucial to fix the cells before they reach equilibrium. Moreover, in order to minimize variation, the exact same incubation time should be allowed for shuttling in each replicate of the analysis.
Another factor that can affect shuttling efficiency is the combination of donor and recipient nuclei. For example, if a given protein is exported from the donor nucleus but not from the recipient nucleus, the protein might get trapped and accumulate in the recipient nucleus, and the shuttling capacity of the protein might appear greater than it is in reality, sometimes reaching over 50% (unpublished observation). In such a case, it might be necessary to reduce the shuttling time to be able to quantify differences (e.g., between mutants and WT proteins).
Finally, the cell cycle stage of donor and recipient nuclei might, in some cases, affect shuttling capacity of a protein under study. The nuclear volume and the number of NPCs almost double during interphase in dividing cells (Maeshima et al., 2011) . A larger nucleus should, in theory, allow a faster import and a slower export of shuttling proteins due to its larger surface area being in contact with the cytoplasm and its smaller surface area being in contact with the nucleoplasm. We have observed that larger recipient nuclei tend to harbor higher total fluorescence levels (unpublished observation); however, such an effect does not significantly affect the results when a sufficient number of heterokaryons are imaged. Nevertheless, the shuttling of some proteins might vary throughout the cell cycle, and in some cases it might be useful to synchronize the cells (e.g., in G1) before fusion.
10. If none of the coverslips shows an optimal density, adjust dilutions in subsequent experiments.
11. Some cell fusion events might seem to happen only between cells of the same cell line (donor or recipient cell line). One possible reason is the faster growth rate of either donor or recipient cells. If one cell line grows too quickly, try to reduce the attachment time at Step D1.
12. In some cases, although a donor:recipient cell ratio of 1:1 has been used at Step C8, one cell type (either donor or recipient) appears to predominate on the slides. One possible reason is www.bio-protocol.org/e2472 that different cell types attach more or less firmly to coverslips, and either donor or recipient cells might be lost at a higher rate during medium changes and washes.
13. Cells at the periphery of the coverslip are sometimes not suitable for imaging/analysis: according to the Hoechst fluorescence, their nuclei might appear smaller, brighter and irregularly shaped, and their specific chromatin features might be less apparent. The fluorescence levels of such cells tend to be lower in both the eGFP and mCherry channels.
These are regions containing presumably damaged cells.
14. Acquiring Z-stacks, which are necessary for proper quantification, is time consuming. The use of recipient cells with a fluorescent marker in their membranes (e.g., CAAX-mCherry) allows to readily distinguish true heterokaryons from donor/recipient cells that are merely in close proximity but not fused. If a quick look under the microscope suggests that it is a true heterokaryon, proceed to imaging. Otherwise, resume the search for suitable heterokaryons.
15. Even if care has been taken to avoid pixel saturation during imaging, the sum of slices will make some of the pixels appear saturated. This should affect only a minority of the pixels in the region of interest, and in our experience it doesn't significantly impact the results. However, if one suspects that too many pixels appear saturated in the sum of slices and that this might affect the analysis, fluorescence should be quantified in separate slices and then summed. a. In a 50-ml tube, add 4 ml of 10x PBS to 26 ml of H2O (Sigma)
b. In a fume hood, add 10 ml of 16% formaldehyde
